Introduction
============

Cardiac hypertrophy develops as adaptive response of the heart to chronically increased afterload, such as elevated blood pressure or aortic stenosis, but may progress to ventricular dilation and cardiac dysfunction, if continued over the long term. Clinical and experimental evidence suggests that the rarefaction of cardiac capillaries observed in chronic cardiac hypertrophy promotes tissue hypoxia, cell death, and replacement fibrosis and contributes to the progression from compensated hypertrophy to contractile dysfunction and heart failure.^[@b1]--[@b3]^ A central role of cardiac endothelial cells and angiogenesis is supported by findings that inhibition of new blood vessel formation accelerates the development of left ventricular (LV) dysfunction,^[@b4]--[@b5]^ whereas stimulation of angiogenesis improves cardiac function and delays the onset of heart failure.^[@b6]--[@b8]^ However, the molecular mechanisms involved in the regulation of cardiac angiogenesis and in particular, the reduction of cardiac vessel density during pathological hypertrophy are incompletely understood.

Elevated levels of tumor suppressor p53 have been reported in myocardial biopsies of patients with heart disease^[@b9]^ and found to progressively increase with disease severity.^[@b10]^ Increased apoptotic cell numbers have also been described in rodents following transverse aortic constriction (TAC),^[@b11]^ a model frequently used to study the cellular and molecular changes during cardiac hypertrophy and failure.^[@b12]^ Experimental studies could show that global p53 deficiency protects against cardiac injury,^[@b13]--[@b14]^ and that p53 activation accelerates LV function deterioration,^[@b15]^ supporting a causal role of apoptotic cell death and p53 in the development of heart failure. In addition to its role as master regulator of cellular senescence, cell cycle arrest and apoptosis, p53 is involved in the transcriptional regulation of genes controlling diverse biological processes, such as differentiation, migration, or angiogenesis.^[@b16]^ However, and although a considerable number of endothelial cells also undergoes apoptotic cell death after TAC,^[@b17]^ the role of endothelial p53 expression for the cardiac response to chronic pressure overload is largely unknown.

In this study, we examined whether deletion of the tumor suppressor p53 in endothelial cells is able to preserve the cardiac microvasculature, to prevent pathological cardiac remodeling and the development of fibrosis in response to chronic pressure overload and to postpone the transition from cardiac hypertrophy to heart failure.

Methods
=======

Experimental Animals
--------------------

To generate mice with inducible endothelial cell‐specific p53 deletion (End.p53‐KO), mice with loxP‐flanked (floxed, fl) p53 alleles (C57BL/6 background; courtesy of Anton Berns)^[@b18]^ were mated with mice expressing a Cre recombinase‐estrogen receptor fusion protein ER(T2) under control of the endothelial receptor tyrosine kinase (Tie2) promoter (C57BL/6 background; courtesy of Berndt Arnold).^[@b19]^ This inducible Tie2.Cre mouse line has been shown to allow efficient temporal gene deletion exclusively in endothelial cells, including the heart, whereas the percentage of recombined cells was found to be negligible in hematopoietic cells.^[@b19]^ Cre recombinase activity was induced by feeding 5‐ to 6‐week‐old mice with rodent chow containing 400 mg/kg tamoxifen citrate (TD55125; Harlan Teklad) for 6 weeks.^[@b19]^ Cre‐WT x p53fl/fl mice fed tamoxifen chow were used as controls (End.p53‐WT). Age‐ and gender‐matched littermates were used throughout the study. All animal care and experimental procedures were in accordance with institutional guidelines and had been approved by the institutional Animal Research Committee and the Lower Saxony State Office for Consumer Protection and Food Safety and complied with national guidelines for the care and use of laboratory animals.

Determination of Blood Pressure
-------------------------------

Systolic and diastolic blood pressure was obtained in awake mice using a tail cuff noninvasive blood pressure system (CODA Monitor; Kent Scientific Corporation). A minimum of three measurements was obtained from each mouse.

Vascular Function Studies
-------------------------

The thoracic part of aortas isolated from End.p53‐WT and End.p53‐KO mice was liberated from perivascular adipose tissue, cut into 4 mm‐sized pieces and carefully rinsed to completely remove any blood from inside the vessel. The endothelium‐intact segments were put on force transducers (Kent Scientific Corporation) in organ chambers filled with Krebs--Henseleit solution to perform concentration‐contraction and ‐relaxation curves in response to increasing concentrations of phenylephrine, acetylcholine (ACh), or glyceryl trinitrate (GTN), as described previously.^[@b20]^

Transverse Aortic Constriction
------------------------------

Female mice were anesthetized via 2% isoflurane inhalation and subjected to minimally invasive TAC surgery over a 26‐gauge needle.^[@b21]^ Anesthesia depth was monitored by observing the respiratory rate and the toe‐pinch reflex. Sham‐operated mice, in which the aortic arch was exposed, but not ligated, were also examined. Three days after surgery, the pressure gradient over the aortic ligature was determined using pulsed wave Doppler. At tissue harvest, hearts were rapidly excised and weighed. Atria were removed and ventricles immediately processed for RNA and protein isolation, cryoembedding, or endothelial cell isolation.

Echocardiography
----------------

Two‐dimensional (2D) echocardiography was performed by a blinded observer in mice under 1.5% isoflurane anesthesia using the Vevo 2100 system (Visualsonics) equipped with a 30 MHz center frequency ultrasound transducer.^[@b21]^ On average, heart rate was 460±15 bpm, respiratory rate was 125±3.8 breaths/min. M‐mode recordings were used to determine the end‐diastolic (EDD) and end‐systolic (ESD) LV chamber diameter and the anterior (AWTh) and posterior wall thickness (PWTh). Echocardiographic LV weight was estimated using the formula: 1.055×(\[AWTh+EDD+PWTh\]³−EDD³). Fractional shortening (FS) was calculated as (EDD−ESD)/EDD×100.

Unilateral Hindlimb Ischemia
----------------------------

Neovascularization in vivo was examined using the unilateral hindlimb ischemia mouse model in male mice.^[@b22]^ Perfusion was determined before and the indicated time points after surgery via laser Doppler perfusion imaging (LDPI; PeriScan PIM III, Perimed) using the contralateral hindlimb as internal control (set at 100%).

Histochemistry
--------------

Histochemical analyses were performed on frozen, acetone‐fixed cross sections through the LV of mice 8 and 20 weeks after TAC or sham operation or the lower hindlimb of mice 4 weeks after femoral artery ligation, respectively. Cardiac fibrosis was determined by Masson\'s trichrome (MTC) staining. Interstitial collagen was visualized using picrosirius red staining. Capillary endothelial cells were assessed using monoclonal antibodies against CD31 (Santa Cruz Biotechnology), followed by Cy3‐labeled secondary antibodies (Molecular Probes). The functionality of cardiac vessels was determined by intracardiac (i.c.) injection of endothelial fluorescein isothiocyanate (FITC)‐conjugated Griffonia simplicifolia isolectin B4 (50 μg in 200 μL saline; Vector Laboratories) 15 minutes prior to sacrifice. Cells not positive following CD31 antibody incubation or endothelial lectin perfusion are denoted as "CD31‐negative cells" or "lectin‐negative cells," respectively. Endothelial function was examined using rabbit polyclonal antibodies against eNOS (Abcam), VCAM‐1 (Abcam), and caveolin‐1 (Cell Signaling Technology). Cardiomyocyte membranes were visualized using FITC‐labeled wheat germ agglutinin (WGA; Molecular Probes) followed by determination of the single cardiomyocyte cross‐sectional area (CSA). Per cross section, 10 randomly selected cardiomyocytes were evaluated and results averaged. Cardiac apoptosis was examined using TUNEL (Roche) and antibodies against activated caspase‐3 (Promega) or p53 (Cell Signaling Technology). A rabbit anti‐carbonic anhydrase IX (CAIX) antibody (Bioss Antibodies) was used as surrogate marker for hypoxia.^[@b23]^ Fibroblast‐specific protein (FSP)‐1 was detected using a polyclonal rabbit anti‐mouse antibody (Dako Cytomation). All morphometric analyses were performed using image analysis software (Image ProPlus, version 4.01).

Quantitative Real Time PCR
--------------------------

Total RNA was isolated using TRI Reagent (Ambion), and the amount and quality checked by spectrophotometry (Nanodrop; Thermo Scientific). One μg RNA was reversed transcribed into cDNA, followed by quantitative PCR using *real‐time* assessment of SYBR Green (Applied Biosystems) and the iCycler iQ Detection system (BioRad). Primers and qPCR conditions are listed in [Table](#tbl01){ref-type="table"}. All qPCR data (two or more biological replicates with three technical replicates each) were calculated using the delta delta Ct method and normalized to Gapdh RNA, and are reported as ‐fold change versus sham‐operated mice (set at 1).

###### 

Primer Sequences and qRT‐PCR Conditions

  Gene         Primer Sequence (in 5′→3′ Direction)                    T~m~ (°C)   Cycles   Reference
  ------------ ------------------------------------------------------- ----------- -------- -----------------------------------
  *Bmp7*       F: ACCCTTCATGGTGGCCTTCT R: CCTCAGGGCCTCTTGGTTCT         58          40       ^[@b47]^
  *Col1a1*     F: ATGGATTCCCGTTCGAGTACG R: TCAGCTGGATAGCGACATCG        60          35       ^[@b40]^
  *Ctgf*       F: CTTCTGCGATTTCGGCTCC R: TACACCGACCCACCGAAGA           60          35       ^[@b48]^
  *Gapdh*      F: GCACAGTCAAGGCCGAGAAT R: GCCTTCTCCATGGTGGTGAA         57          40       ^[@b49]^
  *Mmp2*       F: ACCCAGATGTGGCCAACTAC R: TACTTTTAAGGCCCGAGCAA         57          40       ^[@b50]^
  *Mmp9*       F: GAGCTGTGCGTCTTCCCCTTC R: GGAATGATCTAAGCCCAGTGC       58          40       ^[@b51]^
  *p21*        F: CCTGACAGATTTCTATCACTCCA R: GCAGGCAGCGTATATCAGGAG     60          40       ^[@b51]^
  *p53*        F: CACAGCGTGGTGGTACCTTA R: TCTTCTGTACGGCGGTCTCT         60          40       ^[@b52]^
  *Pai‐1*      F: TCGTGGAACTGCCCTACCAG R: ATGTTGGTGAGGGCGGAGAG         60          35       ^[@b48]^
  *Pcna*       F: TTGGAATCCCAGAACAGGAG R: CAGTGGAGTGGCTTTTGTGA         57          40       ^[@b53]^
  *Puma*       F: ATGGCGGACGACCTCAAC R: AGTCCCATGAAGAGATTGTACATGAC     60          40       [\*](#tf1-1){ref-type="table-fn"}
  *Slug*       F: CGCTCCTTCCTGGTCAAGA R: AGGTATAGGGTAACTTTCATAGAGATA   60          40       [\*](#tf1-1){ref-type="table-fn"}
  *αSma*       F: CCACCGCAAATGCTTCTAAGT R: GGCAGGAATGATTTGGAAAGG       58          40       ^[@b54]^
  *Snail*      F: GTGCCCACCTCCAAACCC R: AAGGACATGCGGGAGAAGG            60          40       [\*](#tf1-1){ref-type="table-fn"}
  *Tgfβ*       F: CAGTGGCTGAACCAAGGAGAC R: ATCCCGTTGATTTCCACGTG        60          35       ^[@b48]^
  *Twist*      F: TGATAGAAGTCTGAACACTCGTTTG R: GGCTGATTGGCAAGACCTCT    60          40       [\*](#tf1-1){ref-type="table-fn"}
  *Vimentin*   F: CGGAAAGTGGAATCCTTGCA R: CACATCGATCTGGACATGCTGT       60          40       ^[@b55]^

PCR indicates polymerase chain reaction; TGFβ, transforming growth factor‐beta.

Primer sequences were designed and purchased from Primerdesign Ltd. (Southampton, UK).

Western Blot Analysis
---------------------

Frozen heart tissue was pulverized in liquid nitrogen and resuspended in lysis buffer containing fresh protease and phosphatase inhibitors. Equal amounts of protein were fractionated by SDS polyacrylamide gel electrophoresis together with molecular weight standards and transferred to nitrocellulose membranes (Protran; Whatman). Membranes were blocked in 5% BSA or nonfat dry milk (in TBS buffer containing 0.1% Tween‐20), followed by incubation with antibodies against p53 (Cell Signaling Technology), Hif1α (Abcam), or Vegf (Millipore). Protein bands were visualized using horseradish peroxidase‐conjugated secondary antibodies (Amersham Biosciences), followed by detection with SuperSignal West Pico Substrate (Pierce). Protein bands were quantified by densitometry and normalized to Gapdh (HyTest Ltd) or β‐actin (Millipore) protein, and are expressed as ‐fold change versus sham‐operated mice (set at 1).

Cardiac Endothelial Cell Isolation
----------------------------------

To isolate cardiac CD31‐positive and ‐negative cells, mice were sacrificed and their hearts excised and diced into 1 mm‐sized pieces. Fragments were incubated in enzyme digestion buffer (1X PBS with 0.1% dextrose, containing 5 mg/mL collagenase type II and 60 U/mL deoxyribonuclease DNAse II) under continuous shaking at 37°C. Dulbecco\'s Modified Eagle\'s Medium (DMEM) containing 10% FBS was used to stop the reaction. After a brief centrifugation, the cell pellet was resuspended, passed through a 40 μm mesh filter and a second digestion performed for 30 seconds. Cells were subsequently surface labeled using CD31‐phycoerythrin‐conjugated antibodies (Biolegend) and sorted using the FACSaria II cell sorter (BD).

Cell Culture Studies
--------------------

Human Cardiac Microvascular Endothelial Cells (HCMECs; PromoCell) were cultured at 37°C under 5% CO~2~ in Endothelial Cell Growth Medium (EGM; PromoCell). Pifithrin‐α and nutlin‐3a were purchased from Sigma‐Aldrich. Human p53 shRNA expression vectors or scrambled non‐effective shRNA cassette (in pGFP‐C‐shLenti plasmid) were obtained from Amsbio. A lentivirus‐based TP53 human shRNA (OriGene) construct was used to generate a stable p53 knockdown endothelial cell line. For EndMT induction, HCMECs were incubated with TGFβ~1~ (R&D Systems; 10 ng/mL for 6 or 12 days); to induce chemical hypoxia, HMCECs were treated with cobald chloride (CoCl~2~; 1 mmol/L for 4 h).

Angiogenesis Assay
------------------

To study angiogenic cell functions, 3.2×10^4^ HCMECs were resuspended in 10 mL EGM containing 20% methylcellulose and analyzed using the spheroid angiogenesis assay.^[@b22]^ Pictures of 10 spheroids at random phase contrast microscopy fields were taken and analyzed by image analysis software (Image ProPlus).

Statistical Analysis
--------------------

Quantitative data are presented as mean±SEM. Normal distribution was confirmed for all data sets using the D\'Agostino & Pearson omnibus normality test. Differences between two groups were tested by Student *t* test for unpaired means. If more than two groups were compared, ANOVA test (or repeated measures ANOVA, if findings in the same animal before and after an intervention were compared) was performed followed by Bonferroni\'s Multiple Comparison test. Frequencies were compared using the χ^2^ test. Survival analysis was performed using the log‐rank test. Statistical significance was assumed if *P* reached a value less than 0.05. All analyses were performed using data analysis software (version 6.0; GraphPad Software Inc).

Results
=======

To generate endothelial‐specific p53 KO mice (End.p53‐KO), mice carrying floxed p53 alleles^[@b18]^ were crossed with mice expressing Cre recombinase under control of an inducible Tie2 promoter (Tie2.ERT.Cre), previously shown to allow efficient temporal gene deletion exclusively in endothelial cells, including the heart, whereas the percentage of recombined cells was found to be negligible in hematopoietic cells.^[@b19]^ Successful p53 gene excision was confirmed by PCR analysis of genomic DNA from tail biopsies ([Figure 1](#fig01){ref-type="fig"}A). Quantitative *real‐time* PCR analysis confirmed significantly reduced p53 mRNA levels in CD31‐positive cells isolated from hearts of End.p53‐KO mice compared with CD31‐positive cells isolated from End.p53‐WT mice or CD31‐negative cells ([Figure 1](#fig01){ref-type="fig"}B). Of note, endothelial cell‐specific p53 deletion *per se* did not affect survival up to 12 months and was not associated with spontaneous tumor formation (not shown).

![Genotyping of endothelial p53 knockout and wildtype mice. A, Genomic DNA was isolated from mouse tail biopsies obtained before and 6 weeks after feeding mice tamoxifen citrate‐containing chow and amplified by PCR. Floxed p53 alleles were identified using forward (F) and reverse (R) primer against intron 1 or intron 10. Excision of p53 exons was confirmed in Cre recombinase transgenic mice. B, qPCR analysis of p53 mRNA expression in CD31‐positive and CD31‐negative cells, isolated from hearts of End.p53‐WT (grey bars; n=6) and End.p53‐KO (white bars; n=6) mice. \*\*\**P*\<0.001 vs CD31‐positive cells isolated from End.p53‐WT mice. Significant differences between CD31‐positive and CD31‐negative cells of End.p53‐KO mice are indicated within the graph. MW indicates molecular weight marker; PCR, polymerase chain reaction.](jah3-4-e001770-g1){#fig01}

Endothelial p53 Deletion Does Not Lead to Endothelial Dysfunction Under Basal Conditions
----------------------------------------------------------------------------------------

Immunostaining of cross sections through the uninjured aorta revealed marked and similar expression of caveolin‐1 and eNOS in both genotypes, whereas endothelial p53 or VCAM1 were not detected ([Figure 2](#fig02){ref-type="fig"}A). Vascular contraction and relaxation studies of aortic rings revealed no differences between both genotypes in their response to phenylephrine ([Figure 2](#fig02){ref-type="fig"}B), the endothelium‐dependent vasodilator acetylcholine ([Figure 2](#fig02){ref-type="fig"}C), or to glyceryl trinitrate ([Figure 2](#fig02){ref-type="fig"}D). Systemic blood pressure also was similar (ie, 126±12 mm Hg in End.p53‐WT and 127±14 in End.p53‐KO mice; n=11 mice per group). These findings suggested that lack of p53 in endothelial cells does not result in endothelial dysfunction under basal conditions.

![Vascular function analysis in endothelial p53 wildtype and knockout mice. A, Representative fluorescence images after immunostaining for caveolin‐1 (Cav‐1), eNOS, VCAM‐1 or p53 in the aorta of End.p53‐WT and End.p53‐KO mice. CD31 was used to identify endothelial cells, DAPI to visualize cell nuclei. Size bars represent 100 μm. B through D, Contraction and relaxation curves of isolated rings of thoracic aortas from End.p53‐WT (n=8) or End.p53‐KO (n=6) mice in response to increasing concentrations of phenylephrine (B), acetylcholine (Ach; C) or glyceryl trinitrate (GTN; D). DAPI indicates 4′,6‐diamidino‐2‐phenylindole.](jah3-4-e001770-g2){#fig02}

Endothelial p53 Deletion Protects From Cardiac Dysfunction After Pressure Overload
----------------------------------------------------------------------------------

To induce cardiac hypertrophy, female mice were subjected to TAC surgery. Mean pressure gradients over the aortic valve were similar in both groups, ie, 71±3.8 mm Hg in End.p53‐KO and 74±3.7 mm Hg in End.p53‐WT mice (*P*=0.51). As shown in [Figure 3](#fig03){ref-type="fig"}A, survival (after exclusion of mice that died within the first 24 h after surgery) was improved in End.p53‐KO mice (5 out of 34 mice died) compared with their End.p53‐WT counterparts (16 out of 41 mice died; *P*=0.020). Serial echocardiographic measurements revealed a marked decline in cardiac function in End.p53‐WT mice, beginning at week 4 after TAC and progressing towards week 20 ([Figure 3](#fig03){ref-type="fig"}B). The reduction of fractional shortening (FS) was significantly less pronounced in End.p53‐KO mice compared with End.p53‐WT mice at 8 and 20 weeks after TAC. Compared with baseline, a significant increase in the endsystolic (not shown) and enddiastolic ([Figure 3](#fig03){ref-type="fig"}C) LV inner diameter was observed in both genotypes, which progressed further only in End.p53‐WT mice and was significantly more pronounced compared with End.p53‐KO mice 20 weeks after TAC. At this time point, the mean PWTh (*P*\<0.05; [Figure 3](#fig03){ref-type="fig"}D) and echocardiographically determined LV weight (*P*\<0.05; [Figure 3](#fig03){ref-type="fig"}E) were significantly increased in End.p53‐WT compared to End.p53‐KO mice, and this observation was confirmed by determining the actual heart weight at necropsy ([Figure 3](#fig03){ref-type="fig"}F). On the histological level, the mean single cardiomyocyte cross‐sectional area (CSA) was significantly increased after TAC in both genotypes, although to a lesser extent in End.p53‐KO mice (*P*\<0.05 versus End.p53‐WT at 20 week after TAC; [Figure 4](#fig04){ref-type="fig"}), suggesting that inducible deletion of p53 in endothelial cells ameliorates the development of cardiac hypertrophy and attenuates the deterioration of cardiac function after pressure overload.

![Effect of endothelial p53 deletion on survival and cardiac hypertrophy and function. A, Kaplan--Meier survival analysis of sham‐ (n=19; n=12 End.p53‐WT and n=7 End.p53‐KO) or TAC‐operated End.p53‐WT (n=41) and End.p53‐KO (n=34) mice. Mean values for fractional shortening (FS; B), enddiastolic inner LV diameters (EDD; C), posterior wall thickness (PWTh; D), LV weight, determined by echocardiography (E), and actual heart weight, determined at necropsy (F), at baseline and different time points after TAC or sham operation are shown. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 vs sham, ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 and ^\#\#\#^*P*\<0.001 vs baseline. Significant differences between End.p53‐WT and End.p53‐KO mice at specific time points after TAC are indicated within the graphs. TAC indicates transverse aortic constriction.](jah3-4-e001770-g3){#fig03}

![Effect of endothelial p53 deletion on single cardiomyocyte hypertrophy. Representative pictures of WGA‐stained myocardial cross sections (A) and the results after quantification of the cardiomyocyte cross‐sectional area (CSA; n=7 to 16 mice per group; B) are shown. Size bars represent 100 μm. Grey bars: End.p53‐WT mice; white bars: End.p53‐KO mice; dotted bars: sham‐operated mice. \*\*\**P*\<0.001 vs sham. Significant differences between End.p53‐WT and End.p53‐KO mice are indicated within the graphs. WGA indicates wheat germ agglutinin.](jah3-4-e001770-g4){#fig04}

Endothelial p53 Deletion Reduces Apoptosis in Endothelial And Non‐Endothelial Cells After TAC
---------------------------------------------------------------------------------------------

Cardiac hypertrophy is known to be associated with p53 accumulation.^[@b9]--[@b10]^ Our analyses confirmed elevated p53 expression in banded hearts of End.p53‐WT mice, whereas cardiac p53 mRNA ([Figure 5](#fig05){ref-type="fig"}A) and protein (Figures [5](#fig05){ref-type="fig"}B and [5](#fig05){ref-type="fig"}C) levels were significantly lower in End.p53‐KO compared with End.p53‐WT mice, particularly at 8 weeks after TAC. Fluorescence microscopy analysis confirmed reduced numbers of p53‐immunopositive lectin‐positive endothelial, but also lectin‐negative cells in banded hearts from End.p53‐KO compared with End.p53‐WT mice (Figures [5](#fig05){ref-type="fig"}D through [5](#fig05){ref-type="fig"}F). Moreover, lower numbers of activated caspase‐3 (Figures [6](#fig06){ref-type="fig"}A through [6](#fig06){ref-type="fig"}C) or TUNEL (Figures [6](#fig06){ref-type="fig"}D through [6](#fig06){ref-type="fig"}F) positive cells were detected in hearts of End.p53‐KO compared with End.p53‐WT mice after TAC. Quantitative real‐time PCR analysis revealed reduced cardiac expression levels of p21, a cyclin‐dependent kinase inhibitor and downstream target of p53, and of p53‐upregulated modulator of apoptosis (Puma) as well as increased levels of proliferating cell nuclear antigen (Pcna; [Figure 7](#fig07){ref-type="fig"}), suggesting that endothelial deletion of p53 reduces cell cycle arrest and apoptotic cell death in hearts after pressure overload.

![Expression of p53 in sham and TAC‐operated mouse hearts. The relative cardiac mRNA and protein expression levels of p53 were analyzed using quantitative qPCR (A) or western blot (B, representative western blot findings are shown in C) in End.p53‐WT (grey bars) and End.p53‐KO mice (white bars) (n=8 to 19 mice per group). Results were normalized to Gapdh and expressed as ‐fold change vs sham‐operated littermates of the same genotype (set at 1; dotted bars). D through F, Cardiac cross sections were examined for the expression of p53. Intravitally isolectin B4 perfused capillaries are green, DAPI‐positive cell nuclei blue. Representative pictures of findings in End.p53‐WT and End.p53‐KO mice after sham or TAC surgery are shown in (D). Size bars represent 100 μm. The summary of findings in n=4 to 6 mice per group is shown in (E and F). \*\**P*\<0.01 and \*\*\**P*\<0.001 vs sham. Significant differences between End.p53‐WT and End.p53‐KO mice are indicated within the graphs. PCR indicates polymerase chain reaction; DAPI,4′,6‐diamidino‐2‐phenylindole; TAC, transverse aortic constriction.](jah3-4-e001770-g5){#fig05}

![Analysis of apoptosis in sham and TAC‐operated mouse hearts. Cardiac cross sections were examined for activated caspase‐3 (A through C) or TUNEL (D through F). Intravitally isolectin B4 perfused capillaries are green, DAPI‐positive cell nuclei blue. Representative pictures of findings in End.p53‐WT and End.p53‐KO mice (n=3 to 8 per group) are shown in (A and D). Size bars represent 100 μm. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 vs sham. Significant differences between End.p53‐WT and End.p53‐KO mice are indicated within the graphs. TAC indicates transverse aortic constriction; DAPI, 4′,6‐diamidino‐2‐phenylindole.](jah3-4-e001770-g6){#fig06}

![Expression of p53 target genes involved in cell cycle control, apoptosis and proliferation in sham and TAC‐operated mouse hearts. The relative cardiac mRNA expression levels of p21, p53 upregulated modulator of apoptosis (Puma) and proliferating cell nuclear antigen (Pcna) were analyzed using quantitative qPCR in End.p53‐WT (grey bars) and End.p53‐KO mice (white bars) (n=8 to 19 mice per group). Results were normalized to Gapdh and expressed as ‐fold change vs sham‐operated littermates of the same genotype (set at 1; not shown). \**P*\<0.05 and \*\**P*\<0.01 vs End.p53‐WT. PCR indicates polymerase chain reaction; TAC, transverse aortic constriction.](jah3-4-e001770-g7){#fig07}

Deletion of p53 in Endothelial Cells Promotes Cardiac And Extracardiac Angiogenesis
-----------------------------------------------------------------------------------

To determine whether deletion of p53 in endothelial cells is able to stabilize the cardiac microvasculature during experimental hypertrophy, the number of CD31‐positive endothelial cells (Figures [8](#fig08){ref-type="fig"}A and [8](#fig08){ref-type="fig"}B) and the endothelial lectin‐perfused area (Figures [8](#fig08){ref-type="fig"}A and [8](#fig08){ref-type="fig"}C) were quantified revealing a progressive decrease of functional (ie, endothelial lectin‐perfused) capillaries in hearts from End.p53‐WT mice after TAC, whereas cardiac vascularization was significantly better in End.p53‐KO mice 8 weeks and similar to sham‐operated littermates 20 weeks after TAC. Expression of the hypoxia marker CAIX was increased in banded hearts of mice of both genotypes, but to a significantly lesser extent in End.p53‐KO mice (Figures [8](#fig08){ref-type="fig"}D and [8](#fig08){ref-type="fig"}E). An improved reperfusion (Figures [9](#fig09){ref-type="fig"}A and [9](#fig09){ref-type="fig"}B) and increased capillary density (Figures [9](#fig09){ref-type="fig"}C and [9](#fig09){ref-type="fig"}D) within ischemic muscles from End.p53‐KO compared with End.p53‐WT mice was also observed after induction of unilateral hindlimb ischemia in males. Modulation of p53 using the nonpeptidic small‐molecule nutlin‐3a (stabilizing p53 by inhibiting the mdm2‐p53 interaction) or pifithrin‐α (reducing p53 activity) followed by the analysis of HCMEC sprouting also supported a direct role for p53 during angiogenic processes ([Figure 10](#fig10){ref-type="fig"}).

![Cardiac vascularization in End.p53‐WT and End.p53‐KO mice. A, Representative pictures of CD31‐immunopositive, isolectin B4‐perfused capillaries in hearts of sham‐ or TAC‐operated End.p53‐WT and End.p53‐KO mice. B, Quantification of CD31‐positive cells per mm^2^. C, Quantification of the lectin‐positive area. D, Immunostaining for CAIX to visualize cardiac hypoxia. Size bars represent 100 μm. E, The summary of the quantitative analysis in n=4 to 9 mice per group. \**P*\<0.05 and \*\*\**P*\<0.001 vs sham. Significant differences between End.p53‐WT and End.p53‐KO mice are indicated within the graphs. TAC indicates transverse aortic constriction.](jah3-4-e001770-g8){#fig08}

![Effect of endothelial p53 deletion on new vessel formation following hindlimb ischemia. A, Representative laser Doppler perfusion images before as well as on day 1 and 28 after unilateral hindlimb ischemia in End.p53‐WT and End.p53‐KO mice. B, Summarized findings in End.p53‐WT (n=16) and End.p53‐KO mice (n=14). \*\**P*\<0.01 and \*\*\**P*\<0.001 vs baseline; ^\#\#\#^*P*\<0.001 vs End.p53‐WT mice. C, Representative pictures of CD31‐immunopositive endothelial cells in cryosections through the gastrocnemic muscle. Cell nuclei were counterstained with DAPI. Size bars represent 100 μm. D, Quantitative analysis of the capillary density 28 days after ischemia (n=8 to 10 mice per group). \*\**P*\<0.01 vs the contralateral, uninjured leg. Significant differences between End.p53‐WT and End.p53‐KO mice are indicated within the graph; DAPI indicates 4′, 6‐diamidino‐2‐phenylindole.](jah3-4-e001770-g9){#fig09}

![Effect of p53 modulation on the angiogenic properties of endothelial cells in vitro. A, Representative western blot membranes showing the expression of p53 or its downstream effector p21 after incubation of human cardiac microvascular endothelial cells (HCMECs) with either PBS (1), vehicle (DMSO; 2), nutlin‐3a (10 μmol/L; 3) or pifithrin‐α (20 μmol/L; 4). Gapdh was used as internal control for equal protein loading. B, Representative pictures of HCMECs treated with either DMSO, nutlin‐3a or pifithrin‐α, followed by immunodetection of p53. C, Representative pictures of HCMEC spheroids after treatment with either DMSO, nutlin‐3a or pifithrin‐α. Magnification, ×200. D and E, Summary of the quantitative and statistical analysis. The number of sprouts (D) or the total sprout length (E) per spheroid were calculated using ImagePro Plus image analysis software. \**P*\<0.05 and \*\**P*\<0.01 vs DMSO; ^\#\#\#^*P*\<0.001 vs nutlin‐3a, as determined using ANOVA. ANOVA indicates analysis of variance; DMSO, dimethyl sulfoxide.](jah3-4-e001770-g10){#fig10}

Deletion of p53 in Endothelial Cells is Associated With Elevated Hif1α And Vegf Levels
--------------------------------------------------------------------------------------

Cardiac p53 accumulation was shown to be involved in hypoxia‐independent Hif1α degradation and angiogenesis inhibition following pressure overload.^[@b15]^ To examine potential mechanisms underlying the proangiogenic effects of endothelial p53 deletion (in addition to reducing cell cycle arrest and apoptotic cell death), we examined Hif1α and Vegf protein levels in pressure‐overloaded hearts of End.p53‐WT and End.p53‐KO mice. At 8 and 20 weeks after TAC, Hif1α (Figures [11](#fig11){ref-type="fig"}A and [11](#fig11){ref-type="fig"}B) and Vegf (Figures [11](#fig11){ref-type="fig"}A and [11](#fig11){ref-type="fig"}C) levels were significantly elevated in End.p53‐KO mice, whereas no changes were observed in End.p53‐WT animals. Analyses at earlier time points (ie, 7 days after TAC) revealed elevated Hif1α protein levels in both genotypes and confirmed that the TAC‐induced increase in Hif1α and Vegf expression was significantly more pronounced in mice lacking p53 in endothelial cells (Figures [11](#fig11){ref-type="fig"}D through [11](#fig11){ref-type="fig"}F). Analysis of HCMECs, stably transduced with lentiviral vectors containing either scr or p53 shRNA followed by the exposure to CoCl~2~ confirmed that endothelial deletion of p53 significantly increased Hif1α protein levels in response to (chemical) hypoxia (Figures [11](#fig11){ref-type="fig"}G and [11](#fig11){ref-type="fig"}H). Overall, these data suggested that reduced Hif1α degradation and increased Vegf expression may have contributed to the proangiogenic effects of endothelial p53 deletion.

![Effect of endothelial p53 deletion on Hif1α and Vegf levels. A through F, Western blot analysis of cardiac Hif1α and Vegf protein levels in End.p53‐WT and End.p53‐KO mice at different time points after transverse aortic constriction (TAC) or sham operation (S). Representative membranes are shown in A (8 and 20 weeks after TAC) and D (7 days after TAC). \**P*\<0.05 and \*\**P*\<0.01 vs sham. Significant differences between End.p53‐WT and End.p53‐KO mice are indicated within the graphs. G and H, Analysis of Hif1α protein levels in HCMECs after stable transfection with lentiviral p53 shRNA or negative control vector (scr shRNA) and exposure to chemical hypoxia (1 mmol/L CoCl~2~ for 4 h). Representative findings are shown in G, the results of the quantitative analysis of n=3 independent experiments in H. \*\*\**P*\<0.001.](jah3-4-e001770-g11){#fig11}

Endothelial p53 Deletion Attenuates Pressure Overload‐Induced Cardiac Fibrosis
------------------------------------------------------------------------------

To examine the effects of improved cardiac vascularization in mice with endothelial p53 deletion on cardiac remodeling processes after TAC, cardiac cross sections were examined after staining with Masson\'s trichrome. Whereas fibrosis was negligible in sham‐operated mice, multiple scattered foci of interstitial fibrosis were observed in End.p53‐WT and to a significantly lesser extent in End.p53‐KO mouse hearts, both at 8 and 20 weeks after TAC (Figures [12](#fig12){ref-type="fig"}A and [12](#fig12){ref-type="fig"}B). Picrosirius red staining confirmed lower amounts of interstitial collagen in hearts of TAC‐operated End.p53‐KO compared with End.p53‐WT mice (not shown). Also, immunohistochemistry demonstrated reduced expression of collagen 1A1 (col1A1) and fibroblast‐specific protein1 (Fsp1) in banded hearts of End.p53‐KO mice compared with their End.p53‐WT counterparts and lower numbers of cells double‐immunopositive for either of the mesenchymal markers and the endothelial marker CD31 ([Figure 13](#fig13){ref-type="fig"}).

![Effect of endothelial p53 deletion on cardiac fibrosis. A, Representative images after MTC staining of hearts from End.p53‐WT and End.p53‐KO mice. Size bars represent 200 μm. B, Summary of the quantitative analysis in n=7 to 15 mice per group. Quantitative qPCR analysis of the mRNA levels of ECM proteins and mesenchymal markers (C), or factors involved in ECM production (D) and degradation (E). Grey bars: End.p53‐WT mice; white bars: End.p53‐KO mice; open bars: 8 W after TAC; cross‐hatched bars: 20 W after TAC. Results were normalized to Gapdh and are expressed as ‐fold increase vs sham‐operated mice (set at 1; not shown). \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 vs sham. Significant differences between End.p53‐WT and End.p53‐KO mice are indicated within the graphs. PCR indicates polymerase chain reaction; TAC, transverse aortic constriction.](jah3-4-e001770-g12){#fig12}

![Co‐localization of endothelial and mesenchymal markers in hearts of sham and TAC‐operated mice. A through C, Representative images (A) and summarized findings after quantification of Col1A1^+^/CD31^+^ (B) and Fsp‐1^+^/CD31^+^ cells (C) in hearts of sham‐ or TAC‐operated End.p53‐WT and End.p53‐KO mice (n=3 to 6). Size bars represent 100 μm. \*\*\**P*\<0.001 vs sham. Significant differences between End.p53‐WT and End.p53‐KO mice are indicated within the graph. TAC indicates transverse aortic constriction.](jah3-4-e001770-g13){#fig13}

Quantitative *real‐time* PCR analysis revealed lower cardiac mRNA levels of collagen type I alpha 1 (Col1a1) and vimentin in End.p53‐KO compared with End.p53‐WT mice 8 weeks after TAC ([Figure 12](#fig12){ref-type="fig"}C). Altered expression levels of p53 target genes involved in ECM turnover, such as bone morphogenetic protein (Bmp)‐7 ([Figure 12](#fig12){ref-type="fig"}D), connective tissue growth factor (Ctgf) or plasminogen activator inhibitor (Pai)‐1 ([Figure 12](#fig12){ref-type="fig"}E), were detected in hearts of mice lacking endothelial p53 suggesting that both reduced production and enhanced degradation of ECM proteins may be involved in the attenuated fibrosis observed in End.p53‐KO mouse hearts. Also, lower mRNA expression levels of the transcription factors Snail, Slug, and Twist, controlling mesenchymal differentiation, were detected in banded hearts of mice with endothelial p53 deletion compared with their WT counterparts (Figures [14](#fig14){ref-type="fig"}A through [14](#fig14){ref-type="fig"}C). Similar findings were observed after TGFβ~1~ stimulation of HCMECs, stably transfected with scr or p53 shRNA (Figures [14](#fig14){ref-type="fig"}D through [14](#fig14){ref-type="fig"}E), or in the presence or absence of nutlin‐3a or pifithrin‐α ([Figure 15](#fig15){ref-type="fig"}). Of note, immunofluorescence analysis revealed a similar increase in the number of CD45‐positive inflammatory cells in banded hearts of End.p53‐WT and End.p53‐KO mice (457±36 and 439±10 cells per mm² at 7 days after TAC; *P*=n.s.) compared with sham‐operated mice (41±16 and 55±19 cells per mm²), minimizing the possibility that differences in cardiac inflammation may have contributed to the observed reduction in cardiac fibrosis in End.p53‐KO mice.

![Effect of endothelial p53 deletion on transcription factors involved in mesenchymal differentiation. A through C, qPCR analysis of whole mouse hearts (n=9 per group) from End.p53‐KO (white bars) and End.p53‐WT mice (grey bars) 8 weeks after TAC for Snail (A), Slug (B) and Twist (C) mRNA. \*\*\**P*\<0.001 vs sham. D through F, HCMECs were stable transfected with lentiviral p53‐shRNA or negative control (scr) shRNA vector, treated with PBS or TGFβ1 (10 ng/mL) for 6 or 12 days and the expression of transcription factors regulating mesenchymal differentiation examined by qPCR analysis. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 vs PBS‐treated cells (n=3 to 6 separate experiments). Significant differences between p53 shRNA and scr shRNA transfected cells are indicated within the graphs. HCMEC indicates human cardiac microvascular endothelial cells; PCR, polymerase chain reaction; TAC, transverse aortic constriction; TGFβ, transforming growth factor‐beta.](jah3-4-e001770-g14){#fig14}

![Effect of p53 activation or inhibition on the TGFβ‐induced expression of the transcription factors Snail, Slug, and Twist. A through C, Quantitative *real‐time*PCR analysis of the transcription factors and EndMT surrogate markers Snail (A), Slug (B) and Twist (C) mRNA expression in human cardiac microvascular endothelial cells (HCMECs) after treatment with TGFβ1, alone or in combination with nutlin‐3a (to stabilize p53) or pifithrin‐α (to inhibit p53 activity) for 6 days. Similar findings were observed after treatment for 12 days (not shown). \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 vs untreated cells; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 and ^\#\#^*P*\<0.001 vs TGFβ1‐treated cells. PCR indicates polymerase chain reaction; TGFβ, transforming growth factor‐beta.](jah3-4-e001770-g15){#fig15}

Discussion
==========

In this study, we examined the importance and causal role of endothelial p53 expression for cardiac remodeling processes and the development of heart failure induced by chronic pressure overload in mice. Our main findings are that inducible deletion of p53 in endothelial cells of adult mice prevents the rarefaction of capillary endothelial cells observed with developing heart failure and is associated with reduced apoptotic death of cardiac endothelial, but also non‐endothelial cells. In addition to improving cardiac perfusion and diminishing the extent of pressure overload‐induced cardiac hypoxia thus preventing replacement fibrosis, endothelial p53 deletion was found to beneficially alter the cardiac expression of factors involved in ECM production and turnover (in particular, Bmp7, Ctgf, and Pai‐1) and the control of mesenchymal differentiation (eg, Snail, Slug, and Twist). As a result, endothelial p53 deletion attenuated the progressive LV dilation and systolic pump dysfunction present in End.WT‐p53 mice and improved survival. Thus, our data support the importance of endothelial cells during pressure overload‐induced cardiac remodeling and suggest a direct link between endothelial p53 expression, cardiac angiogenesis, and fibrosis.

The tumor suppressor protein p53 is activated in response to a variety of cellular stress signals. DNA damage, but also oxidative stress, hypoxia, or cytokine stimulation may induce apoptotic cell death via p53 and transcriptional activation of genes involved in cell cycle control and growth arrest.^[@b24]^ A role for p53 in the pathogenesis of heart disease is supported by findings of increased apoptotic cell numbers and p53 protein levels in the myocardium of patients with advanced heart disease,^[@b10]^ correlating with the transition to heart failure.^[@b9]^ Activation of p53 and associated genes was also reported in experimental rat,^[@b11]^ sheep,^[@b25]^ or dog^[@b26]^ models of heart failure. Of note, quantitative analysis of TUNEL‐positive cells in banded mouse hearts revealed 0.7% apoptotic cardiomyocytes and 1% apoptotic non‐cardiomyocytes, half of which were identified as CD31‐positive endothelial cells.^[@b17]^ Activation of p53 may be causally involved in the development of heart failure. For example, mice with global p53 deficiency are characterized by increased cardiac angiogenesis and protection from acute TAC‐ or myocardial infarction‐induced heart failure.^[@b15]^ Similar findings were observed in mice systemically treated with the synthetic p53 inhibitor pifithrin‐α.^[@b13]^ Overexpression of CHIP, an endogenous p53 inhibitor, prevented myocardial apoptosis, and ameliorated ventricular remodeling after myocardial infarction.^[@b27]^ Global p53 deficiency^[@b14]^ as well as cardiomyocyte‐specific expression of dominant‐negative p53^[@b28]^ also protected against the cardiotoxic effects of doxorubicin, although a recent study in mice with cardiomyocyte‐specific p53 deletion did not observe any cardioprotection.^[@b29]^ In addition to the possibility that doxorubicin‐induced apoptosis occurs in a p53‐independent manner, the latter findings may also suggest that expression of p53 in other cell types (eg, endothelial cells, but also inflammatory or smooth muscle cells) may be more important. Supporting a role for endothelial p53, circulating levels of growth differentiation factor‐15, a cytokine induced in the heart during ischemia or pressure overload and shown to reflect p53 activation in endothelial cells,^[@b30]^ were found to provide independent prognostic information in patients with advanced heart failure.^[@b31]^ However, the cardioprotective effects of endothelial cell‐specific p53 deletion have not been directly addressed so far.

Endothelial cell apoptosis is a well‐known anti‐angiogenic mechanism. It occurs during vascular pruning, ie, the removal of aberrant neovessels, and represents a vital step during secondary vascular network formation. Angiogenesis inhibitors have been shown to promote apoptosis,^[@b32]^ whereas angiogenic growth factors (including Vegf) protect endothelial cells from programmed cell death.^[@b33]^ Previous studies have shown that overexpression of p53 inhibits endothelial differentiation and angiogenesis.^[@b34]^ Possible mechanisms include the transcriptional activation of angiogenesis inhibitors, such as collagen prolyl hydroxylase^[@b35]^ or increased production of Mmp2 or Mmp9 resulting in the release of anti‐angiogenic factors.^[@b36]^ In the present study, elevated cardiac expression of Mmp9 and reduced levels of the MMP inhibitor Pai‐1 were observed in hearts of End.p53‐KO mice. In addition, p53 accumulation was shown to interfere with hypoxia‐sensing systems and to promote the proteosomal degradation of Hif1α resulting in impaired Vegf expression, cardiac angiogenesis and LV dysfunction, despite the presence of hypoxia.^[@b15]^ Similarly, angiotensin II was shown to impair cardiac angiogenesis via p53‐dependent downregulation of Hif1α.^[@b37]^ In line with these previous findings, our analyses revealed that p53 deletion in endothelial cells was associated with elevated Hif1α and Vegf levels in response to pressure overload in vivo or hypoxia in vitro, both of which may have contributed to the observed stabilization of the cardiac vasculature.

Several studies have shown that the progression of cardiac hypertrophy towards heart failure is associated with rarefaction of the cardiac microvasculature, which is then unable to support the increased oxygen and nutrient demands of the hypertrophied myocardium.^[@b1]--[@b3]^ Building on these previous findings, we could now show that deletion of p53 in endothelial cells prevents the reduction in cardiac capillary density after TAC resulting in enhanced perfusion of the hypertrophied heart. The anti‐angiogenic effects of p53 could be confirmed in vitro as well as after induction of unilateral hindlimb ischemia in vivo. Importantly, our findings also suggest that prevention of endothelial cell cycle arrest and stabilization of cardiac capillaries may delay the progressive LV dilation and the decline of systolic pump function. In contrast to previous studies showing that augmentation of angiogenesis promotes myocardial hypertrophy even in the absence of an initiating stimulus,^[@b8]^ endothelial p53 deletion was found to be associated with a reduced extent of cardiac hypertrophy at later time points (ie, 20 weeks after TAC), as determined by wall thickness, heart weight, or cardiomyocyte area. Future studies will have to examine in more detail how the cross‐talk between endothelial cells and cardiomyocytes during hypertrophy may be affected by p53.

Hearts of End.p53‐KO mice exhibited markedly reduced fibrosis and expressed lower amounts of collagen type I and other mesenchymal markers, which may have contributed to the preservation of cardiac pump function. Possible mechanisms underlying the reduced cardiac fibrosis in mice lacking p53 in endothelial cells may include indirect effects, such as improved cardiac perfusion limiting hypoxia (as shown by the surrogate marker CAIX) and the death of adjacent cardiomyocytes. In this regard, reduced numbers of activated caspase‐3 and TUNEL‐positive endothelial lectin‐positive as well as endothelial lectin‐negative cells (presumably cardiomyocytes, fibroblasts, or smooth muscle cells) were observed in hearts of End.p53‐KO mice. On the other hand, differences in inflammatory cell recruitment are not likely involved in the observed differences in cardiac fibrosis. Also, we observed no differences in cardiac eNOS expression between both genotypes (not shown), which may have contributed to the reduced cardiac fibrosis in End.p53‐KO mice.^[@b38]^ Several genes involved in ECM synthesis and degradation are known to be directly regulated by p53 and may have acted in a paracrine manner on adjacent cardiomyocytes and/or fibroblasts.^[@b16]^ For example, End.p53‐KO mouse hearts expressed significantly lower amounts of Ctgf, a major regulator of tissue fibrosis, and elevated Ctgf expression and increased liver fibrosis was reported in mice with hepatocyte‐specific p53 activation.^[@b39]^ Moreover, the p53‐regulated factors Pai‐1 and Mmp9 are not only involved in the proteolytic release of angiogenesis inhibitors, but also modulate ECM degradation. Of note, constitutive deletion of p53 in endothelial cells was reported to be associated with a worse outcome and more severe cardiac fibrosis in mice after total body irradiation,^[@b25]^ and differences in the type of injury may underlie this discrepancy. Reduced numbers of Col1A1^+^/CD31^+^ and Fsp1^+^/CD31^+^‐double positive cells or mRNA expression of the transcription factors Snail, Slug, and Twist in hearts of End.p53‐KO mice after TAC suggest that differences in mesenchymal differentiation may have contributed to the observed protection against cardiac fibrosis in mice lacking endothelial p53, but analyses in endothelial reporter mice, in combination with p53 deletion, are needed to definitively address this point. Previous studies have shown that TGFβ‐induced fibroblast activation and EndMT are significant contributors to myocardial fibrosis,^[@b40]^ although this paradigm has been recently challenged.^[@b41]^ Although cardiac levels of TGFβ did not differ between both genotypes, elevated levels of Bmp7, shown to preserve the endothelial phenotype and to counteract TGFβ‐induced organ fibrosis,^[@b42]^ were detected in hearts of End.p53‐KO mice and might have contributed to our observations.

Our results also suggest that modulating endothelial p53 expression may represent an interesting therapeutic target. In this regard, atorvastatin was found to restore ischemic limb loss in diabetes by activation of the Akt/mdm2 pathway and augmentation of p53 degradation,^[@b43]^ and modulation of endothelial p53 may also underlie the beneficial effects of statins on markers of endothelial function and LV remodeling in heart failure patients.^[@b44]^ Our findings may be especially relevant in elderly subjects, a population at increased risk for heart failure, as aging is associated with elevated levels of p53. For example, prolonged passaging (mimicking senescence) of human vein endothelial cells was associated with p53 accumulation,^[@b45]^ whereas mice with a truncated p53 mutation resulting in p53 activation exhibited an early‐onset phenotype consistent with accelerated aging.^[@b46]^

Conclusions
===========

Our findings suggest that accumulation of p53 in endothelial cells contributes to the increased endothelial cell death and rarefaction of cardiac microvasculature during cardiac hypertrophy and promotes the development of cardiac fibrosis and LV dysfunction through, at least in part, impaired cardiac perfusion and altered ECM remodeling. Attenuation of endothelial cell loss and preservation of cardiac vascularization during pathologic hypertrophy may thus represent a promising approach to improve pressure overload‐induced cardiac remodeling and to prevent the transition to heart failure.
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